Multi-scale modelling of granular avalanches by Kumar, Krishna et al.
See	discussions,	stats,	and	author	profiles	for	this	publication	at:	https://www.researchgate.net/publication/254862669
Multi-scale	Modelling	of	Granular	Avalanches
Conference	Paper	·	June	2013
DOI:	10.1063/1.4812165
CITATIONS
5
READS
155
3	authors,	including:
Krishna	Kumar
University	of	Cambridge
13	PUBLICATIONS			31	CITATIONS			
SEE	PROFILE
Jean-Yves	Delenne
French	National	Institute	for	Agricultural	Resea…
127	PUBLICATIONS			832	CITATIONS			
SEE	PROFILE
All	content	following	this	page	was	uploaded	by	Krishna	Kumar	on	16	April	2017.
The	user	has	requested	enhancement	of	the	downloaded	file.	All	in-text	references	underlined	in	blue	are	added	to	the	original	document
and	are	linked	to	publications	on	ResearchGate,	letting	you	access	and	read	them	immediately.
Multi-scale modelling of granular avalanches
Krishna Kumar, Kenichi Soga, and Jean-Yves Delenne 
 
Citation: AIP Conf. Proc. 1542, 1250 (2013); doi: 10.1063/1.4812165 
View online: http://dx.doi.org/10.1063/1.4812165 
View Table of Contents: http://proceedings.aip.org/dbt/dbt.jsp?KEY=APCPCS&Volume=1542&Issue=1 
Published by the AIP Publishing LLC. 
 
Additional information on AIP Conf. Proc.
Journal Homepage: http://proceedings.aip.org/ 
Journal Information: http://proceedings.aip.org/about/about_the_proceedings 
Top downloads: http://proceedings.aip.org/dbt/most_downloaded.jsp?KEY=APCPCS 
Information for Authors: http://proceedings.aip.org/authors/information_for_authors 
Downloaded 07 Jul 2013 to 111.118.216.99. This article is copyrighted as indicated in the abstract. Reuse of AIP content is subject to the terms at: http://proceedings.aip.org/about/rights_permissions
Multi-scale Modelling of Granular Avalanches
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Abstract. Avalanches, debris ﬂows, and landslides are geophysical hazards, which involve rapid mass movement of granular
solids, water and air as a single-phase system. The dynamics of a granular ﬂow involve at least three distinct scales: the
micro-scale, meso-scale, and the macro-scale. This study aims to understand the ability of continuum models to capture
the micro-mechanics of dry granular collapse. Material Point Method (MPM), a hybrid Lagrangian and Eulerian approach,
with Mohr-Coulomb failure criterion is used to describe the continuum behaviour of granular column collapse, while the
micromechanics is captured using Discrete Element Method (DEM) with tangential contact force model. The run-out proﬁle
predicted by the continuum simulations matches with DEM simulations for columns with small aspect ratios (‘h/r’ < 2),
however MPM predicts larger run-out distances for columns with higher aspect ratios (‘h/r’ > 2). Energy evolution studies in
DEM simulations reveal higher collisional dissipation in the initial free-fall regime for tall columns. The lack of a collisional
energy dissipation mechanism in MPM simulations results in larger run-out distances. Micro-structural effects, such as shear
band formations, were observed both in DEM and MPM simulations. A sliding ﬂow regime is observed above the distinct
passive zone at the core of the column. Velocity proﬁles obtained from both the scales are compared to understand the reason
for a slow ﬂow run-out mobilization in MPM simulations.
Keywords: Material Point Method (MPM), Discrete Element Method (DEM), Granular column collapse, run-out proﬁles, energy evolution,
density variations.
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INTRODUCTION
Geophysical hazards and industrial processes involves
ﬂow of dense granular material. Understanding the me-
chanics of granular ﬂow is of particular importance in
predicting the run-out distances of debris ﬂows. The dy-
namics of a homogeneous granular ﬂow involve at least
three distinct scales: the microscopic scale, which is
characterised by contact between grains, the meso-scale
that represents micro-structural effects such as grain re-
arrangement, and the macroscopic scale, where geomet-
ric correlations can be observed [1]. Different approach-
es have been adopted to model granular ﬂows at differ-
ent scales of description. Conventionally, granular ma-
terials such as soils are modelled as a continuum. On a
macroscopic scale, granular materials exhibit many col-
lective phenomena and the use of continuum mechanics
to describe the macroscopic behaviour can be justiﬁed.
However, on a grain scale, the granular materials exhibit
complex solid-like and/or ﬂuid-like behaviour depending
on how the grains interact with each other. Recent works
on granular materials suggest that a continuum law may
be incapable of revealing in-homogeneities at the grain-
scale level, such as orientation of force chains, which are
purely due to micro-structural effects [2]. Discrete Ele-
ment approaches are capable of simulating the granular
material as a discontinuous system allowing one to probe
into local variables such as position, velocities, contac-
t forces, etc. The fundamental question is how to model
granular materials which exhibit complex phenomenon.
The collapse of a granular column on a horizontal sur-
face is a simple case of granular ﬂow, however a proper
model that describes the ﬂow dynamics is still lacking.
Experimental investigations have shown that the ﬂow du-
ration, the spreading velocity, the ﬁnal extent of the de-
posit, and the energy dissipation can be scaled in a quan-
titative way independent of substrate properties, grain
size, density, and shape of the granular material and re-
leased mass [3, 4, 5]. Simple mathematical models based
on conservation of horizontal momentum capture the s-
caling laws of the ﬁnal deposit, but fail to describe the
initial transition regime. Granular ﬂow is modelled as
a frictional dissipation process in continuum mechanic-
s but the lack of inﬂuence of inter-particle friction on
the energy dissipation and spreading dynamics [5] is sur-
prising. In the present study, multi-scale numerical mod-
elling, i.e. discrete-element and continuum analyses, of
the quasi-two dimensional collapse of granular columns
are performed using Discrete Element (DEM) approach
and Material Point Method (MPM) to understand the a-
bility and limitations of continuum approaches in mod-
elling dense granular ﬂows.Powders and Grains 2013AIP Conf. Proc. 1542, 1250-1253 (2013); doi: 10.1063/1.4812165©   2013 AIP Publishing LLC 978-0-7354-1166-1/$30.001250
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NUMERICAL SET-UP AND
CONFIGURATION
The granular column collapse experiment involves ﬁll-
ing a cylinder of height H0 and radius R0 with a granular
material of mass ‘m’. The granular column is then re-
leased en masse by quickly removing the cylinder, thus
allowing the granular material to collapse onto the hor-
izontal surface, forming a deposit having a ﬁnal height
Hf and radius Rf . A computational study on an equiv-
alent two-dimensional conﬁguration (circular disks) was
carried out using Discrete Element and Continuum (MP-
M) approaches.
Discrete-Element Approach
10 two-dimensional DEM analyses were carried out
by varying the aspect ratio (‘a’) of the granular colum-
n from 0.2 to 10. The contact models are well estab-
lished in a 2D discrete-element approach [6], which en-
ables us to understand the mechanism of energy dissipa-
tion in dense granular ﬂows. The normal contact force
is modelled using linear-spring with dashpot. The tan-
gential contact force is modelled using a sliding/striking
tangential friction model [7]. The micro-mechanical pa-
rameters used in this study are presented in Table 1. The
cumulative β method was used to generate the particle
size distribution. The sample was prepared using ballis-
tic deposition technique.
TABLE 1. Parameters used in DEM simulations
Parameter Value
Young’s modulus of glass beads 70×109 N/m2
Poisson’s ratio 0.22 – 0.24
Diameter of glass beads 0.92 to 1.38 mm
Normal and shear stiffness of grains 1.6×108 N/m
Normal and sear stiffness of wall 4×108 N/m
Inter-particle friction co-efﬁcient, μ 0.53
Friction co-efﬁcient of wall 0.466
Coefﬁcient of restitution, Γ 0.6
Density of glass bead, ρs 2650 kg/m3
Material Point Method (MPM)
Material Point Method (MPM) [8] is a particle
based method that represents a body as a collection
of material points, and their deformations are deter-
mined by Newton’s laws of motion. MPM is a hybrid
Eulerian–Lagrangian approach, which uses moving ma-
terial points, and computational nodes on a background
mesh. This approach is very effective particularly in
the context of large deformations. 10 plane-strain MPM
simulations of granular column collapse were performed
using Mohr-Coulomb failure criterion under constant
volume by varying the initial aspect ratio. A minimum
of four particles per cell [9] is adopted in the analysis of
granular column collapse. The parameters used for the
continuum analyses are presented in Table 2. The initial
tangent stiffness of the granular assembly is determined
by performing a uni-axial compression test using DEM.
TABLE 2. Parameters used in continuum simulations
Parameters Value
Material point interval 0.575 mm
Number of material points per cell 4
Young’s Modulus, E 1.98×106N/m2
Poisson’s ratio, ν 0.22 – 0.24
Friction angle, φ 23.0o
Dilatancy angle, ϕ 0o
Bulk density, ρ 1855 kg/m3
Wall friction co-efﬁcient 0.466
Time step increment 1.0×10−6
FLOW KINEMATICS AND ENERGY
DISSIPATION
The ﬁnal run-out distance normalised to the initial radius
is illustrated in Fig. 1 as a function of the initial aspect
ratio. Two distinct ﬂow regimes can be observed: (a) for
‘a’ <1.7 a linear relation between the spread and aspect
ratio can be observed, and (b) for ‘a’ > 1.7 a power-law
relationship exists. MPM and DEM simulations are able
to capture the linear relationship for ‘a’ < 1.7, and the
simulation results agree with the experimental investiga-
tion [4]. Signiﬁcant difference between MPM, which is
based on a simple frictional model for dissipation of po-
tential energy, and DEM simulations for ‘a’ > 1.7 indi-
cates a change in the mechanism of energy dissipation for
columns with large aspect ratios (‘a’ > 1.7). A constant
frictional dissipation model cannot describe a power-law
relation [10]. A transition in the run-out behaviour at an
aspect ratio of 1.7 indicates a change in ﬂow dynamics.
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FIGURE 1. Run-out behaviour with initial aspect ratios1251
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FIGURE 2. Velocity Proﬁle of a column with ‘a’ = 0.4
The ﬂow dynamics of two granular columns (‘a’=0.4
and ‘a’=6) are compared to understand the difference in
the energy dissipation mechanism, and in turn on the run-
out behaviour for different aspect ratios. The Granular
column collapse is initiated by a failure at the edge of
the pile along a well-deﬁned failure surface. The grains
located above the failure surface move “en masse” leav-
ing a static region underneath the failure surface. Af-
ter a transient time of order τc, deﬁned as
√
Hi/g, the
ﬂow is fully developed and the ﬂow comes to a rest at
time t = 3×τc [10]. Columns with small aspect ratio fail
by avalanching of the ﬂanks, forming a truncated cone-
like deposit. Velocity proﬁles of a granular column with
‘a’=0.4 are presented in Fig. 2. Both MPM and DEM
simulations show a well deﬁned failure surface and pre-
dict similar run-out behaviour. Although, the MPM sim-
ulation predicts 25% longer for the ﬂow to be fully mo-
bilised (see Fig. 2), the ﬂow evolution happens quick-
er, which can be attributed to the marginally lower mo-
bilised potential energy. The initial potential energy s-
tored in the column is converted to kinetic energy that
is then dissipated as the material ﬂows down. MPM and
DEM predict similar energy evolution behaviour (Fig. 3),
which indicates that most of the stored initial potential
energy is dissipated through friction. Hence, for columns
with smaller aspect ratios, the run-out distance is propor-
tional to the mass ﬂowing above the failure surface. The
failure surface begins from the toe of the column and pro-
trudes inwards at an angle of 50 to 55o. The failure an-
gle is consistent with the interpretation in terms of active
Coulomb failure and experimental observations [4].
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FIGURE 3. Energy evolution for a column with ‘a’ = 0.4
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FIGURE 4. Velocity Proﬁle of a column with ‘a’ = 6
A signiﬁcant difference in the run-out behaviour be-
tween MPM and DEM (see Fig. 1) indicates that a sim-
ple frictional model is insufﬁcient to describe the ﬂow
kinematics for columns with large aspect ratios. Velocity
proﬁles of a granular column with ‘a’ = 6 are presented
in Fig. 4. At critical time (t = τc), both MPM and DEM
predict almost identical run-out behaviour on a distinct
failure plane. Fig. 5 indicates that the ﬂow evolution is
much faster in MPM and results in a larger run-out dis-
tance. Both MPM and DEM predict an almost identical1252
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FIGURE 5. Flow evolution for a column with ‘a’ = 6
difference in the potential energy between the initial and
ﬁnal stages (Fig. 6), which indicates that the signiﬁcant
difference in the run-out is purely due to the difference
in the mechanism of energy dissipation between the two
approaches.
DEM simulations provide an insight in to the ﬂow dy-
namics and energy dissipation. For larger aspect ratios,
the ﬂow is still initiated by a well deﬁned failure surface.
However, the centre of gravity of the granular column is
much higher than the top of the failure surface, which re-
sults in free fall of grains under gravity consuming the
column along their way. When they reach the vicinity of
the failure surface, the grains undergo collisions with the
bottom plane and the neighbouring grains, thus causing
the ﬂow to deviate along the horizontal direction releas-
ing a large amount of kinetic energy gained during the
free fall (see Fig. 6). The grains then eventually leave
the base area of the column and ﬂow sideways under-
going frictional dissipation. The process involves collec-
tive dynamics of all the particles, and DEM simulations
model both collisional and frictional dissipation process.
However, MPM simulations assume that the total initial
potential energy stored in the system is completely dis-
sipated through friction over the entire run-out distance,
resulting in larger run-out distance.
SUMMARY
Multi-scale simulation of granular column collapse was
performed to understand the ability and limitations of
continuum models to capture the micro-mechanics of
dense granular ﬂows. The run-out behaviour predicted
by both continuum and DEM simulations matches for
columns with small aspect ratios, where the dissipation is
predominantly frictional. However, MPM predicts larger
run-out distances for columns with higher aspect ratios.
Energy evolution studies using DEM simulations reveal
that the run-out behaviour is independent of frictional
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FIGURE 6. Energy evolution for a column with ‘a’ = 6
properties of the granular material and collision predom-
inates the initial free-fall regime. The lack of a collision-
al energy dissipation mechanism in MPM results in over
prediction of run-out distances.
ACKNOWLEDGMENTS
The authors would like to thank Prof. Farhang Radjaï for
his useful interactions during various stages of this re-
search work. The author would like to thank the Cam-
bridge Commonwealth and Overseas Trust for the ﬁnan-
cial support to the ﬁrst author to pursue this research.
REFERENCES
1. B. Cambou, M. Jean, and F. Radjaï, Micromechanics
of granular materials, Wiley-ISTE, 2009, ISBN 978-1-
84821-075-2.
2. C. H. Rycroft, A. V. Orpe, and A. Kudrolli, Physical
Review E 80, 031305 (2009).
3. L. Staron, and E. J. Hinch, Granular Matter 9, 205–217
(2007).
4. E. Lajeunesse, J. B. Monnier, and G. M. Homsy, Physics
of Fluids 17 (2005).
5. G. Lube, H. E. Huppert, R. S. J. Sparks, and A. Freundt,
Physical Review E - Statistical, Nonlinear, and Soft
Matter Physics 72, 1–10 (2005).
6. R. Zenit, Physics of Fluids 17, 031703–1–031703–4
(2005).
7. S. Luding, Granular Matter 10, 235–246 (2008), ISSN
1434-5021.
8. D. Sulsky, S.-J. Zhou, and H. L. Schreyer, Application
of a particle-in-cell method to solid mechanics, vol. 87,
1995.
9. J. Guilkey, T. Harman, A. Xia, B. Kashiwa, and
P. McMurtry, Advances in Fluid Mechanics 36, 143–156
(2003).
10. L. Staron, and E. J. Hinch, Journal of Fluid Mechanics
545, 1–27 (2005).1253
Downloaded 07 Jul 2013 to 111.118.216.99. This article is copyrighted as indicated in the abstract. Reuse of AIP content is subject to the terms at: http://proceedings.aip.org/about/rights_permissionsView publication stats
